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Abstract 26 
 27 
Demersal fisheries targeting a few high-value species often catch and discard other 28 
‘non-target’ species. It is difficult to quantify the impact of this incidental mortality 29 
when population biomass of a non-target species is unknown. We calculate biomass 30 
for 14 demersal fish species in ICES area VIIg (Celtic Sea) by applying species- and 31 
length-based catchability corrections to catch records from the Irish Groundfish 32 
Survey (IGFS). We then combine these biomass estimates with records of commercial 33 
discards (and landings for marketable non-target species) to calculate annual 34 
harvesting rates (HR) for each study species. Uncertainty is incorporated into 35 
estimates of both biomass and HR. Our survey-based HR estimates for cod and 36 
whiting compared well with HR-converted fishing mortality (F) estimates from 37 
analytical assessments for these two stocks. Of the non-target species tested, red 38 
gurnard (Chelidonichthys cuculus) recorded some annual HRs greater than those for 39 
cod or whiting; challenging ‘Pope’s Postulate’ that F on non-target stocks in an 40 
assemblage will not exceed that on target stocks. We relate HR for each species to 41 
two corresponding Maximum Sustainable Yield (MSY) reference levels; six non-42 
target species (including 3 ray species) show annual HRs ≥ HRMSY. This result 43 
suggests that it may not be possible to conserve vulnerable non-target species when F 44 
is coupled to that of target species. Based on biomass, HR and HRMSY, we estimate 45 
‘total allowable catch’ for each non-target species.  46 
 47 
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Introduction 51 
 52 
Bottom trawl surveys of the Celtic Sea shelf demersal assemblage record over 100 53 
fish species. Commercial fisheries target predominately 10 of the largest and most 54 
abundant (Marine Institute, 2013), but survey catch per unit of effort (CPUE) 55 
indicates that several other species of little market value have similar overall 56 
abundance to these. Such abundant non-target species are frequently caught in 57 
commercial fishing gear (Pope et al., 2000), typically being discarded dead or dying 58 
(Benoit et al., 2013). It has proved difficult to quantify the effect of fishing pressure 59 
on non-target species, although long-term survey abundance trends in North Sea 60 
populations do imply fishing impact (Jennings et al., 1999). Fishing exerts mortality 61 
at some rate (the instantaneous death rate due to fishing F) on each species. Realized 62 
F varies with behaviour and morphology, and can be expressed in terms of 63 
susceptibility and selectivity in the fishing gear, and the survival of fish after 64 
discarding (Zhou et al., 2010). Estimating F for key target species is typically 65 
undertaken using analytical stock assessments that are based on the age distribution of 66 
commercial catches. Such data are generally collected only for dominant target 67 
species and therefore such assessments are precluded as a means of estimating F for 68 
non-target species. 69 
 70 
In the current absence of empirical estimates of non-target F, some authors (e.g., Le 71 
Quesne and Jennings, 2012) suggest applying a precautionary principle such as 72 
‘Pope’s postulate’ (Pope et al., 2000). Pope’s postulate states that “fishing fleets 73 
generate a fishing mortality on non-target species which is less than or equal to that 74 
generated on the target species”. It thus may provide upper limits on current mortality 75 
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for ‘sensitive’ species in a fishery and represents a useful management principle for 76 
data poor situations (Jennings, 2013). This is a pragmatic approach, but may be too 77 
conservative in some fisheries and insufficiently precautionary in others. Only case-78 
specific assessments can produce estimates of non-target mortality rate (Jennings, 79 
2013). Nonetheless, accurate estimates of fishing mortality on non-target species are 80 
required to fulfill international commitments on biodiversity conservation (e.g., CBD 81 
2010), and are central to the Ecosystem Approach to Fisheries Management (EAFM) 82 
(Garcia et al., 2003), which proposes to integrate fishing effects across exploited 83 
communities.  84 
 85 
As an alternative to age-structured methods, Pope et al. (2000) proposed that the 86 
volume of catch (discards) in the fished component of a ‘local area’ could be 87 
extrapolated to derive an estimate of F for the whole of that local area. This method 88 
demands broad assumptions about catchability (the probability that an individual 89 
encountering fishing gear will be retained) and especially about spatial distribution of 90 
fish across the overall area. Where possible, a better approach may be to derive 91 
population biomass estimates from standardized fisheries-independent trawl surveys. 92 
The primary challenge here is that such surveys are not typically designed to estimate 93 
absolute fish population abundance, but to produce CPUE indices of relative 94 
abundance. Many aspects of fishing gear selection and fish behaviour will affect 95 
catchability, and differences in catchability mean that surveys provide ‘biased 96 
perceptions of the actual abundance of different species and size classes at a particular 97 
time and location’ (Fraser et al., 2007). Estimating absolute abundance from survey 98 
data requires a correction for catchability (ideally by species and length).  99 
 100 
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Survey catchability has been modelled (e.g., Harley and Myers, 2001), but Fraser et 101 
al. (2007) provide a list of empirically calculated length-based survey catchabilities 102 
for the most abundant NE Atlantic demersal fish species. Piet et al. (2009) developed 103 
a model that uses the catchability parameters from Fraser et al. (2007) to raise 104 
International Bottom Trawl Survey (IBTS) catches to spatial (ICES rectangle) 105 
estimates of biomass for the most abundant species. The model simulates fishing of 106 
these species according to known fishing intensity and commercial gear selectivity, to 107 
derive model estimates of catch and then F. We benefit from access to data from an 108 
Irish monitoring programme that records discards of both commercial species and all 109 
non-target fish species. We use species catchabilities from Fraser et al. (2007) to 110 
derive population biomass estimates from survey data, and combine these with 111 
discard and landings records to yield empirical estimates of the proportion of biomass 112 
removed annually by fishing (harvesting rate HR) for 14 fish species in the Celtic Sea. 113 
To test the approach, our survey-based estimates of HR for ‘Celtic Sea’ stocks of 114 
Atlantic cod (Gadus morhua) and Whiting (Merlangius merlangus) are compared 115 
with corresponding HRs converted from the F estimates produced by analytical stock 116 
assessments. HRs for non-target species are then compared to HRs for the assessed 117 
stocks to test Pope’s postulate. 118 
 119 
Differences in life history mean that sustainable levels of F vary considerably among 120 
demersal fish species. It is useful to be able to compare F or HR with appropriate 121 
reference levels for ‘sustainable’ mortality. We present two estimates of sustainable 122 
HR for each tested species, based on published approaches, and compare these 123 
estimated reference levels with observed annual HR values. We then derive the ‘total 124 
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allowable catch’ (TAC) for each species that corresponds to a sustainable HR given 125 
estimated biomass. 126 
 127 
 128 
Methods 129 
 130 
Our study focuses on 15 International Council for the Exploration of the Seas (ICES) 131 
statistical rectangles in the Celtic Sea, with total area approx. 52,000 km
2
 (Figure 1). 132 
This area (approximating to ICES area VIIg) was selected because it comprised the 133 
best overlap between available Irish Groundfish Survey (IGFS) data and Irish discard 134 
observer data, and captures much of the landings of the analytically assessed ‘Celtic 135 
Sea cod’ stock (ICES, 2012a) and the ‘whiting in divisions VIIe-k’ stock (ICES 136 
2012b) (Figure 2). Each of these two stocks is assessed annually with an age-137 
structured analytical assessment XSA (ICES, 2013a) to produce estimates of 138 
spawning stock biomass (SSB), and importantly for this study, total stock biomass 139 
(TSB) and F at age. These assessments are primarily based on commercial landings 140 
data from the relevant stock area, but the most recent biomass estimates are adjusted 141 
(‘tuned’) using fisheries-independent survey data from the IGFS. In addition to the 142 
assessed cod and whiting stocks, we selected 9 abundant non-target species from the 143 
IGFS, and also 3 exploited ray species of conservation interest. All selected species 144 
were deemed to be above the survey detection threshold, i.e., present in >5% of all 145 
hauls and recording abundance >5 individuals km
-2
 (Trenkel and Cotter, 2009). 146 
 147 
Fish population biomass from survey data 148 
 149 
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The IGFS is a stratified random bottom-trawl survey that includes the Celtic Sea 150 
(Figure 1). This survey is operated in autumn (Q4) by the Irish Marine Institute using 151 
a GOV trawl fitted with a 20mm codend liner. Standard International Bottom Trawl 152 
Survey (IBTS) protocol is followed. In a given year, trawl samples (designed to be 30 153 
min duration at 4 knots) are collected at 1-10 sites within each surveyed ICES 154 
rectangle. All fish captured in the IGFS are identified to species and measured (total 155 
length; lcm). For cod and whiting, and the selected non-target species, we calculate the 156 
annual biomass Bs,y of species s in the study area in year y, by summing over survey 157 
rectangles: 158 
𝐵𝑠,𝑦 =  ∑ 𝐵𝑠,𝑘,𝑦 
𝐾
𝑘=1   (1) 159 
where K is the number of rectangles in the study area and  160 
𝐵𝑠,𝑘,𝑦 =  𝐴𝑘?̅?𝑠,𝑘,𝑦  (2) 161 
where Ak is the sea surface area (km
2
) of the kth rectangle and ?̅?𝑠,𝑘,𝑦 is the 162 
mean biomass density (kg km
-2
) of species s taken over Jk individual survey trawls in 163 
rectangle k and year y: 164 
?̅?𝑠,𝑘,𝑦 =  ∑ 𝐷𝑠,𝑗,𝑘,𝑦
𝐽𝑘
𝑗=1 /𝐽𝑘,  (3) 165 
in which Ds, j, k, y is the expanded biomass density of species s estimated from 166 
trawl j, in survey rectangle k and year y. Biomass of all species was expanded for 167 
survey trawl net catchability, as follows: 168 
𝐷𝑠,𝑗,𝑘,𝑦 = ∑ (𝐷𝑖,𝑠,𝑗,𝑘,𝑦
𝐼
𝑖=1
/𝑞𝑖,𝑠) 
  (4) 169 
in which 𝐷𝑖,𝑠,𝑗,𝑘,𝑦 is the observed biomass density of the ith length class of 170 
species s from trawl j, in survey rectangle k and year y. The correction coefficient qi,s 171 
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represents catchability and uses data from Fraser et al. (2007) resolved by species and 172 
length class.  173 
 174 
𝐷𝑠,𝑗,𝑘,𝑦 for whiting only was calculated from doorspread (see equation 7) because this 175 
species is known to be herded into the path of the net by the sediment cloud stirred up 176 
by the otter doors and sweeps (e.g., Main and Sangster, 1981; Wardle, 1986). 177 
However, not all individual fish located between the doors are captured in the net. To 178 
account for this potential underestimate of biomass, for whiting only we used: 179 
𝐷𝑠,𝑗,𝑘,𝑦 =
∑ (𝐷𝑖,𝑠,𝑗,𝑘,𝑦
𝐼
𝑖=1  /𝑞𝑖,𝑠)
ℎ𝑠
  (5) 180 
where the coefficient hs is a length and species dependent herding factor, 181 
defined from Piet et al. (2009) as: 182 
ℎ𝑤ℎ𝑖𝑡𝑖𝑛𝑔 =  {
0.30 𝑖𝑓 𝑙𝑖 < 29.5,
0.75 𝑖𝑓 𝑙𝑖  ≥ 29.5,
 
where h is the probability that an individual fish located between the trawl 183 
doors will be herded in between the trawl wings,  li is the median length of length 184 
class i. 185 
 186 
Piet et al. (2009) assumed minimal herding for flatfish and rays, while the benthic 187 
habit and weak swimming characteristics of gurnards (Floeter and Temming, 2005) 188 
and dragonets (Takita et al., 1983) also suggest very little herding, and so h was not 189 
applied for these species. However, some herding was assumed for the small 190 
roundfish Norway pout Trisopterus esmarkii and Poor cod Trisopterus minutus, 191 
meaning that wingspread biomass for these species (see equation 7) could be an 192 
overestimate. Observed survey biomass for these species was thus expanded as: 193 
𝐷𝑠,𝑗,𝑘,𝑦 = ℎ((∑
𝐷𝑖,𝑠,𝑗,𝑘,𝑦
𝑞𝑖,𝑠
𝐼
𝑖=1 ))  (6) 194 
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where the coefficient h represents the probability that an individual of these 195 
two species that is swept by the trawl doorspread will enter the net: ℎ = 𝑅𝑝𝑛 + (1 −196 
𝑅)𝑝𝑑, where pn is the probability of entering the net if in front of the net wingspread 197 
and pd is the probability is the probability of entering if in front of the doorspread but 198 
not wingspread, and R is the ratio of wingspread to doorspread. Using R = 1/3 and pn 199 
= 1 and pd = 0.3, h = 0.533.  200 
 201 
The observed biomass density estimate is obtained from the survey trawl swept area 202 
as = 𝐷𝑖,𝑠,𝑗,𝑘,𝑦
𝑤𝑖,𝑠,𝑗,𝑘,𝑦
𝑣𝑗,𝑘,𝑦𝜆𝑗,𝑘,𝑦
  (7) 203 
where vj,k,y is the length of the jth trawl in rectangle k and year y; 𝜆𝑗,𝑘,𝑦 is that 204 
trawls wingspread (for all species except whiting, where it is that trawls doorspread – 205 
following Fraser et al., 2007), and 𝑤𝑖,𝑠,𝑗,𝑘,𝑦 is the total mass caught in that trawl in the 206 
ith length class of species s. This mass is estimated from a length-weight relationship 207 
for each species as: 208 
𝑤𝑖,𝑗,𝑘,𝑦 =  𝑁𝑖,𝑗,𝑘,𝑦𝛼𝑙𝑖
𝛽
  (8) 209 
where Ni,j,k,y is the number of individuals of length class i, caught in trawl j in 210 
rectangle k in year y, such that li is the median length of length class i, and 𝛼 and 𝛽 211 
are species-specific values taken from Celtic Sea data for cod and whiting and from 212 
North Sea IBTS survey data for non-target species, which have insufficient weight 213 
records in the IGFS. 214 
 215 
Harvesting rate  216 
 217 
Discard data 218 
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Discard data came from an Irish observer programme that serves the Data Collection 219 
Regulation (EC No. 1639/2001). Fishing trips are sampled at a rate proportional to 220 
métier activity, with sampling coverage of the Irish fleet being approximately 1% 221 
during the study period. Sampling trips are selected randomly, and so the distribution 222 
of fishing activity sampled is considered representative of the population as a whole 223 
(Marine Institute, 2011). Discard data were extracted by species, gear, quarter and 224 
year. If a sampled fishing trip included hauls outside study rectangles, then the 225 
proportion of the fishing effort inside the area was used. Discard weight was raised to 226 
Irish fleet level by dividing it by the proportion of total Irish effort covered by discard 227 
sampling.  228 
 229 
For cod and whiting, each of the Irish landings and discard values were raised to an 230 
international estimate by dividing by the annual proportion of the total catch landed 231 
by Irish vessels only in the stock area. This was considered a proxy for the proportion 232 
of total (international) effort (and hence discarding) accounted for by Irish vessels. 233 
For non-target species, discard records were raised according to the proportion (range 234 
= 51-58% in the study period) of annual international effort by mobile gears (kilowatt 235 
hours = vessel engine power multiplied by time) in the study area recorded by Irish 236 
vessels (STECF, 2013). For years where effort for a given nation was not reported to 237 
STECF, the mean annual value for that nation was applied.  238 
 239 
Calculation 240 
For each species s in year y, a first HR range for the study area was then estimated as: 241 
HRs,y
B =
Cs,y
Cs,y + (Bs,y ±1SD)   (9)
 242 
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where Cs,y  is the total catch (landings and discards) of species s in year y, and 243 
Bs,y is expanded biomass (see above). HRs,y
B includes uncertainty in the estimate of 244 
survey biomass Bs,y. To include (in addition) uncertainty in the estimation by the 245 
Irish observer scheme of discard rates, a second HR range HRs,y
B_dis
for the study area 246 
was then estimated as HRs,y
B
, but where Cs,y = landings + discards * (1 ± 20%); Rochet 247 
et al. (2002) estimated overall CV in discard estimates for the French fleet in the 248 
Celtic Sea as 20%. HRs,y
B_dis
may be considered most precautionary because the upper 249 
bound accounts for a scenario in which species biomass was over-estimated by the 250 
survey, while the observer scheme underestimated discards (by 20%, Rochet et al., 251 
2002). 252 
 253 
Validation 254 
As a validation exercise, Bs,y andHRs,y
B_dis
for cod and whiting were compared to TSB 255 
and F values from respective stock assessments, where assessment Fs were converted 256 
to HR (HR = 1-exp(-F)) for direct comparison. Bs,y were smaller than assessment TSB 257 
for whiting, possibly reflecting the fact that the study covers only part of the assessed 258 
stock area.HRwhiting,y
B_dis
differed by an average of 0.06 (12%) from mean annual 259 
assessment HR estimates (Table 1). Bs,y for cod were closer to assessment TSB, while 260 
HRcod,y
B_dis
differed by an average of 0.05 (16%) from assessment HR with no years 261 
showing large discrepancy (Table 1). Similarity between survey-based and 262 
assessment HRs for both cod and whiting suggest that our approach generates 263 
estimates that can be reasonably applied to non-target species.  264 
 265 
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Precautionary reference levels 266 
 267 
To gain some insight into the likely ecological significance of observed HR for non-268 
target species, estimates for each species were compared to two sets of candidate 269 
reference levels: 270 
 271 
1. From a meta-analysis of 245 fish species, Zhou et al. (2012) suggested that 272 
FMSY could be estimated as 0.87M for teleosts and 0.41M for chondrichthyans. 273 
For most species, we calculated HRMSY reference points according to Zhou et 274 
al. (2012), but the value for witch (Glyptocephalus cynoglossus) was derived 275 
from ICES advice (ICES 2013b). Estimates of natural mortality M are from 276 
Gallagher et al. (2004) (rays) and FishBase (most other species). For red 277 
gurnard (Chelidonichthys cuculus), we used: ln(M) = 1.44 - 0.982 ln(tm) 278 
(Hewitt and Hoenig, 2005), where tm is the maximum observed age reported in 279 
FishBase. An HR limit reference point (HRlim) was also calculated by adding 280 
one standard deviation to the Fmsy:M ratios of Zhou et al. (2012), i.e., 281 
(0.41+0.09)M for elasmobranchs and (0.87+0.05)M for teleosts respectively. 282 
 283 
2. For many of the demersal species in the Celtic Sea, Le Quesne and Jennings 284 
(2012) provide estimates of F40 (the F that reduces SSB-per-recruit to 40% of 285 
that in the absence of fishing). We used F40 estimates from Table S1 in Le 286 
Quesne and Jennings (2012) to derive a list of HR40 estimates. 287 
 288 
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A precautionary mean total allowable catch (TAC) or total allowable discards (TAD) 289 
for each species was estimated by averaging the lower bounds of Bs,y and then 290 
multiplying by HR.  291 
 292 
Survey trends 293 
 294 
Time series of CPUE (kg km
-2
) in the IGFS and also the UK West Coast Groundfish 295 
Survey (WCGFS) were used as a visual descriptor of changes in species relative 296 
abundance that might partly reflect F. The WCGFS was discontinued in 2004 but has 297 
some data for the study region extending to 1986 and is assumed to describe fish 298 
abundance at an earlier stage of exploitation history (Shephard et al., 2011) 299 
 300 
 301 
Results  302 
 303 
Survey biomass 304 
 305 
Bs,y varied among species as expected, with low estimates for ‘k-strategy’ (low M) 306 
species such as the rays and higher estimates for ‘r-strategy’ (high M) species such as 307 
Norway pout and Poor cod (Table 2). 308 
 309 
Harvesting rate 310 
 311 
Non-target species showed a wide range of HRs,y
B_dis
, with some missing values due to 312 
incomplete discard data (Table 3). Two roundfish (red gurnard and grey gurnard 313 
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Eutrigla gurnardus) recorded some HRs,y
B_dis
in the same range as estimated for cod, 314 
with some values for red gurnard exceeding the maxima recorded for assessed stocks 315 
of both cod and whiting (Table 3).  316 
 317 
Reference levels 318 
 319 
Of the teleost species, dab (Limanda limanda), red gurnard and grey gurnard showed 320 
at least one annual HR greater than one of the proposed HR reference levels, while 321 
some HRs for red gurnard were greater than both reference levels. All tested 322 
elasmobranchs recorded at least one HRs,y
B_dis
with upper bounds ≥ one of the tested 323 
reference levels. Spotted ray Raja montagui, which has the lowest l95 and greatest M 324 
among the elasmobranchs, and might thus be expected to be the most resilient, 325 
recorded lowest HRs,y
B_dis
 in this group (Table 3). Estimated TACs varied strongly 326 
among species, with red gurnard TAC estimated at only 56t while Norway pout TAC 327 
was >20,000t.  328 
 329 
 330 
Discussion 331 
 332 
The ecosystem approach to fisheries requires information on population size and 333 
fishing mortality of non-target species within exploited fish assemblages. We use 334 
catchability-expanded survey records and catch (landings + discards) data to estimate 335 
biomass and HR for two assessed and several non-target demersal fish species. 336 
HRcod,y
B_dis
andHRwhiting,y
B_dis
are close to analytical stock assessment estimates for these 337 
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species, suggesting that our method may produce reasonable estimates for the non-338 
target species. We aim to present a pragmatic method that can yield information on 339 
the state of surveyed but unassessed stocks. This requires certain assumptions that we 340 
consider with reference to some of the fisheries survey criteria presented by Trenkel 341 
and Cotter (2009). 342 
 343 
Survey data 344 
 345 
Study area vs. fish ‘stock’ distributions 346 
In order to validate our approach, we needed to make a direct comparison between 347 
survey-based estimates of biomass and mortality for given stocks, and corresponding 348 
estimates from analytical assessments. We identified an area of the Celtic Sea (Figure 349 
2) corresponding to the core area (greatest landings: STECF, 2013) of assessed cod 350 
and whiting stocks, and for which survey and catch data were available. Comparison 351 
of survey-based and assessment biomass estimates suggested that we probably 352 
captured much of the cod population but only a component of the whiting population 353 
– this was anticipated from the known range of these stocks. Comparison of survey 354 
and assessment HRs suggest that the study area allowed quite accurate estimates of 355 
fishing mortality for both cod and whiting. For simplicity in continuing the current 356 
‘worked example’ of our approach, we used the same study area for non-target 357 
‘stocks’. Our results thus represent biomass and HR estimates for that component of 358 
each non-target stock within our study area in a given year. When applying the 359 
method at, e.g., MSFD Subregion scale, there may be ecological justification in 360 
defining species-specific ranges from survey CPUE data. A potential difficulty is that 361 
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these ranges are likely to cross national survey and discard sampling boundaries and 362 
so synthesis of disparate data series may be required.  363 
 364 
In our biomass estimates Bs,y, we stratify the survey data by ICES rectangle, as in the 365 
analytical stock assessments. This simple approach incorporates spatial heterogeneity 366 
in population density without demanding complex evaluation of density patterns and 367 
temporal changes in these patterns. An alternative approach might be to stratify the 368 
survey data in a more dynamic way, based on observed spatial density of the fish 369 
within and among years. 370 
 371 
Catchability 372 
We applied qi,s from Fraser et al. (2007) to raise survey CPUE by species and length 373 
class to total biomass within the study area. Fraser et al. (2007) calculated catchability 374 
parameters for assessed species by quantifying the ratios between catch at length in 375 
North Sea survey data and numbers at age (converted to length) in analytical stock 376 
assessments for the same stocks. For whiting, we follow Piet et al. (2009) in using the 377 
relevant Fraser et al. (2007) catchability parameters with an additional trawl door 378 
herding factor h. Fraser et al. (2007) estimated catchabilities for non-target species by 379 
comparing catch between beam trawl and GOV hauls undertaken in ‘approximately 380 
the same time and place’. This method assumes that qi,s in the beam trawl are fairly 381 
stable relative to the GOV, and close to 1. We suggest that this is a reasonable 382 
assumption for flatfish and rays (Piet et al., 2009), gurnards (Floeter and Temming, 383 
2005) and dragonets (Takita et al., 2003), which are unlikely to have a very active or 384 
sustained escape response to fishing gear. Many other small non-target demersal 385 
species also show benthic behaviour, and probably low herding response. For Poor 386 
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cod and Norway pout, we assume more active herding and escape behaviour and 387 
apply a similar size-based herding factor h (Piet et al., 2009).  388 
 389 
Fraser et al. (2007) derived qi,s for the standard GOV trawl used in the Q3 North Sea 390 
IBTS. However, the same parameters have been widely applied to the separate Q1 391 
North Sea IBTS (e.g., Collie et al., 2013; Heath et al., 2013) and result in very similar 392 
species biomass trends between surveys (Greenstreet et al., In Review). We thus 393 
assume that Fraser et al. (2007) can be used as a first-order approach to raise catch in 394 
similar survey GOV trawls in different areas/seasons. This assumption is upheld by 395 
similarity between survey-based and assessment HR estimates for cod and whiting in 396 
our study area. 397 
 398 
Catchability for given species can vary with size, and this is already incorporated into 399 
the Fraser et al. (2007) catchability parameters, which typically comprise a 400 
catchability curve with length. Catchability qi,s may also vary with season due to 401 
changes in spatial distribution of stock components (size classes) and in their 402 
availability to the survey gear. Without species-level information on such effects in 403 
the study area, it is difficult to evaluate whether the Q4 IGFS under-samples certain 404 
population components. Trenkel and Cotter (2009) suggest that if species CPUE 405 
trends are similar between different surveys in a given area, then qi,s may be similar 406 
between surveys. This is the case between the Q1 and Q3 IBTS in the North Sea 407 
(Greenstreet et al., In Review). 408 
 409 
Harvesting rate 410 
 411 
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Our estimates of HR depend on survey, observer and commercial landings data. We 412 
have to assume that the landings data are accurate, and so the two major potential 413 
sources of uncertainty in our approach are the survey-based estimates of species 414 
biomass (which include uncertainty in catchability qi,s) and the observer estimates of 415 
discarding. We attempt to address both these sources of uncertainty, although 416 
uncertainty in q is not explicitly addressed. The survey follows a robust scientific 417 
protocol in which samples are located randomly within ICES rectangles. By sub-418 
sampling (random 10% deletion) from the pool of survey hauls in each year, we 419 
address the potential effect of haul location and inter-haul variation on annual species 420 
biomass estimates, while maintaining spatial stratification by ICES rectangle. The 421 
discard observer scheme is more ad hoc, with overall fleet coverage stratified by 422 
métier, but actual sampling depending partly on access to fishing vessels, weather, 423 
seasonality in fishing patterns etc. We thus take a more flexible approach to 424 
uncertainty in the discard data, incorporating into HR estimates the effect of ±20% 425 
error (Rochet et al., 2002) in the estimate of annual discards of a given species. As 426 
expected, the range in annual HR for each species tends to be wider when both 427 
sources of uncertainty are included (Table 3). The most precautionary application of 428 
HR for management would be to use the upper estimate, and this is the approach we 429 
take when proposing TACs. 430 
 431 
Validation 432 
 433 
We ‘validate’ our method by comparing Bs,y and HRs,y
B_dis
 for cod and whiting to 434 
estimates from corresponding analytical stock assessments. We note that while the 435 
stock assessments are predominately based on age-structured landings data, they use 436 
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the IGFS to tune (adjust) biomass series. This means that the two approaches to 437 
estimating biomass and mortality are not completely independent. Survey CPUE 438 
generally has most influence on terminal estimates of fishing mortality and SSB in the 439 
assessments, and so the most recent 3 (approx.) years, assessment F and SSB are most 440 
strongly influenced by the survey. For earlier years, the assessments tend to converge 441 
on the catch data according to the traditional convergence properties of VPA-based 442 
assessments. On this basis, the IGFS will not strongly influence cod and whiting 443 
assessment outputs (which we took from 2013 ICES WG reports) for the earlier years 444 
used in our study (2008-2010), but there will be some non-independence for the final 445 
year (2011). Even for 2011, we suggest that possible non-independence does not 446 
matter, since our intention is to provide survey-based estimates that can serve, for 447 
unassessed populations, the same purpose as age-structured assessments. 448 
Correspondingly, we find that we can use survey data directly and derive results that 449 
are similar to those produced by those assessments. This result suggests that for other 450 
species, survey data may also be sufficient to produce estimates that would be similar 451 
to those from age-structured assessment if such assessments were conducted.    452 
 453 
Reference levels 454 
 455 
Fishing mortality reference points provide insight into the likely ecological 456 
significance of observed HRs for non-target species. Slower growing, later maturing 457 
and less fecund species (e.g., many elasmobranchs) are expected to experience greater 458 
negative impact for a given HR (e.g., Jennings et al., 1999; Garcia et al., 2008; Le 459 
Quesne and Jennings, 2012). High levels of F for the ray species probably reflect 460 
strong susceptibility to capture in mobile fishing gears (Cedrola et al., 2005). Patches 461 
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of low fishing effort in the Celtic Sea can act as de facto refuges for some 462 
elasmobranchs (Shephard et al., 2012), but our HR estimates suggest that additional 463 
conservation measures are probably necessary to reach precautionary reference levels 464 
for F in these species. 465 
 466 
The high HRs for both gurnard species are notable (Table 3). Rochet et al. (2002) 467 
found that red and grey gurnards (and boarfish Capros aper) were the most common 468 
non-target species discarded in the Celtic Sea; discarding of the highly perishable red 469 
gurnard increased with trip length. This high level of discarding for red gurnard, 470 
compared to our small abundance estimates for this species (Table 2), helps explain 471 
observed high HR. Gurnards may be particularly susceptible to capture in trawl gear 472 
because of morphology (broad square head and long spiny fins) and behaviour (sit-473 
and-wait or stalk predation with little muscle capacity for sustained escape swimming 474 
(Floeter and Temming, 2005). 475 
 476 
We estimate a mean TAC (2008-2011) for each study non-target species. These TACs 477 
currently refer only to the study area (approximately ICES VIIg) but the method 478 
presented may have considerable utility in the context of the upcoming EU landing 479 
obligation (EU COM/2013/0889 final - 2013/0436). Understanding fishing mortality 480 
of vulnerable species and being able to relate this to a specific volume of landings will 481 
enable managers to make informed decisions about conservation of these species. A 482 
significant problem in this regard is that F of vulnerable species is closely tied to that 483 
of target species, and reducing target F to a level consistent with conservation of the 484 
most vulnerable species may restrict fishing activities to a socially unacceptable 485 
degree. A potential solution might be the use of spatial management to de-couple 486 
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target and non-target F, possibly with particular application to elasmobranchs (e.g., 487 
Shephard et al., 2012). 488 
 489 
Survey trends 490 
 491 
The IGFS time series showed little trend in standardized abundances (haul density) of 492 
non-target species. The WCGFS recorded visible declines in several species that we 493 
find to have high HRs, including red gurnard and cuckoo ray (Figure 3). These data 494 
suggest that non-target species experiencing high fishing mortality can show decadal 495 
population declines. Spotted ray, for which we observed HR>HRmsy in 2008 only, also 496 
demonstrated a declining trend in the IGFS.  497 
 498 
 499 
Conclusions 500 
 501 
HR can be estimated for surveyed non-target species, and related to precautionary 502 
reference levels. At least two non-target species discarded in the Celtic Sea 503 
experience HRs greater than those recorded for assessed cod and whiting stocks, 504 
meaning that Pope’s postulate does not hold in the study area. Some vulnerable non-505 
target species are ‘exploited’ at rates greater than precautionary reference levels, and 506 
some of those show declines in survey CPUE. It is possible to calculate the catch 507 
(TAC or TAD) associated with precautionary reference levels and thus monitor 508 
exploitation of vulnerable species. 509 
 510 
 511 
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Tables 686 
 687 
Table 1. Survey-based (Bs,y) and assessment (TSB) estimates of total biomass and 688 
harvesting rate for cod and whiting.
 
HRs,y
B
 is a range incorporating uncertainty in 689 
survey biomass estimates (HRs,y at Bs,y ± 1SD). HRs,y
B_dis
is a range incorporating 690 
uncertainty in estimates of both survey biomass Bs,y and discards. Assessment HR = 1-691 
exp (-F), using ages 2-5 for cod and 2-7 for whiting (ICES, 2013). International 692 
landings and discard estimates are also shown. All weights are tonnes. 693 
 694 
Table 2. Survey-based (IGFS) estimates of total stock biomass in tonnes (Bs,y ± 1SD), 695 
95th percentile of length (l95, cm) from the IGFS data and natural mortality (M) from 696 
Fishbase for non-target demersal fish species in the study area of the Celtic Sea.  697 
 698 
Table 3. Harvesting rate estimates for non-target demersal fish in the study area of the 699 
Celtic Sea. HRs,y
B
 is a range incorporating uncertainty in survey biomass estimates 700 
(HRs,y at Bs,y±1SD). HRs,y
B_dis
is a range incorporating uncertainty in survey biomass 701 
and in discard estimates. Species HRMSY (converted from FMSY) is calculated from M 702 
(Zhou et al., 2012), except for witch, where FMSY is from ICES (2013a). Species HRlim 703 
accounts for the SD around the Fmsy:M ratio in Zhou et al. (2012). HR40 is from Table 704 
 30 
S1 in Le Quesne and Jennings (2012). HR estimates that are ≥ a given HR reference 705 
level are highlighted in red and < in green. Mean TAC (t) is the mean of the observed 706 
lower bounds of estimated annual biomass for each species multiplied by the more 707 
conservative (lower) HR reference level for each species. 708 
 709 
Table 1. 710 
 711 
 712 
Table 2. 713 
2008 2009 2010 2011 2008 2009 2010 2011
International	landings 9093 6382 8563 9639 3639 3263 3229 4737
International	discards 3479 7569 4184 3188 1487 1351 1833 7541
	Bs,y±1SD		in	study	area 8385		
±871
17151		
±905
12761		
±635
19674		
±1198
5928		
±399
3638		
±386
14113		
±1016
27293		
±2462
Assessment	TSB 29151 44568 61056 61623 9216 9781 23145 23358
HRB 0.58-0.63 0.44-0.46 0.49-0.51 0.38-0.41 0.45-0.48 0.53-0.59 0.25-0.28 0.29-0.33
HRB_dis 0.57-0.63 0.42-0.48 0.48-0.52 0.37-0.42 0.44-0.48 0.53-0.59 0.24-0.29 0.28-0.34
Assessment	HR 0.51 0.46 0.44 0.32 0.51 0.52 0.38 0.31
																	Whiting 													Atlantic	cod
 31 
 714 
 715 
 716 
 717 
2008 2009 2010 2011
Common	name Latin	name L95 M B B B B
Lesser	spotted	dogfish Scyliorhinus	canicula 67 0.37 32272	
±8618
25771	
±1326
42734	
±2927
46734	
±4996
Spotted	Ray Raja	montagui 61 0.41 2832		
±336
7714		
±630
13652		
±666
9728		
±1195
Thornback	ray Raja	clavata 78 0.20 NA 3709			
±320
6136				
±659
2113			
±234
Cuckoo	ray Leucoraja	naevus 63 0.37 4506		
±653
2766		
±326
NA 5004		
±453
Witch G.	cynoglossus 40 0.18 7070		
±713
31663		
±4299
6920		
±235
12951		
±391
Dab Limanda	limanda 26 0.26 1040		
±147
2653		
±270
2084		
±140
4179		
±508
Long	rough	dab H.	platessoides 22 0.32 1299	
±89
1208	
±80
1610	
±66
1539	
±78
Poor	cod Trisopterus	minutus 21 1.00 83570	
±6797
79816	
±2959
48918	
±2665
39395	
±2157
Grey	gurnard Eutrigla	gurnardus 31 0.29 3213					
±279
3317				
±328
10261		
±756
13015		
±1144
Red	gurnard C.	cuculus 32 0.20 280			
±36
385			
±38
484			
±24
398			
±39
Dragonets Callionymus	spp. 25 0.91 1041		
±135
1338		
±137
2113		
±79
NA
Norway	pout Trisopterus	esmarkii 21 1.54 16855		
±	1058
43256		
±2138
75228		
±6294
104805		
±18867
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Table 3.  
HRmsy HRlim HR40 Mean
Common	name Latin	name HRB HRB_dis HRB HRB_dis HRB HRB_dis HRB HRB_dis Zhou	2012 Zhou	2012 Le	Quesne	2012 TAC
Lesser	spot	dogfish Scyliorhinus	canicula 0.13-0.21 0.12-0.22 0.15-0.16 0.14-0.17 0.13-0.15 0.12-0.16 0.11-0.13 0.11-0.14 0.14 0.17 0.11 2398
Spotted	Ray Raja	montagui 0.07-0.11 0.07-0.11 0.02-0.02 0.01-0.02 0.01-0.01 0.01-0.01 0.05-0.06 0.05-0.06 0.15 0.18 0.10 777
Thornback	ray Raja	clavata NA NA 0.04-0.04 0.03-0.04 0.05-0.06 0.04-0.07 0.13-0.16 0.13-0.16 0.08 0.09 0.09 287
Cuckoo	ray Leucoraja	naevus 0.11-0.15 0.10-0.17 0.15-0.18 0.13-0.20 NA NA 0.10-0.11 0.09-0.13 0.14 0.17 0.11 398
Witch G.	cynoglossus 0.08-0.10 0.08-0.11 0.01-0.01 0.01-0.01 0.03-0.03 0.03-0.04 0.03-0.03 0.02-0.04 0.16 0.17 0.24 2119
Dab Limanda	limanda 0.19-0.24 0.17-0.27 0.11-0.13 0.09-0.14 0.13-0.14 0.11-0.16 0.04-0.05 0.03-0.06 0.20 0.21 0.24 445
Long	rough	dab H.	platessoides 0.12-0.12 0.09-0.14 0.09-0.10 0.07-0.12 0.08-0.09 0.06-0.10 0.03-0.03 0.02-0.04 0.24 0.25 0.29 321
Poor	cod Trisopterus	minutus 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.58 0.60 0.27 18789
Grey	gurnard Eutrigla	gurnardus 0.23-0.25 0.18-0.29 0.29-0.34 0.26-0.36 0.06-0.07 0.05-0.08 0.03-0.04 0.03-0.05 0.22 0.23 0.27 1501
Red	gurnard C.	cuculus 0.54-0.60 0.48-0.64 0.54-0.60 0.48-0.63 0.26-0.28 0.22-0.31 0.32-0.36 0.27-0.40 0.16 0.17 0.23 56
Dragonets Callionymus	spp. 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 NA NA 0.55 0.57 0.32 442
Norway	pout Trisopterus	esmarkii 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.01-0.01 0.74 0.76 0.37 22976
2008 2009 2010 2011
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Figures 
 
Figure 1. Map of the Celtic Sea, showing ICES statistical rectangles included in the 
study. 
 
Figure 2. Spatial distribution of Celtic Sea landings from the cod (left panel) and 
whiting (right panel) stocks (STECF, 2013) included in the study. 
 
Figure 3. Standardized abundance (mean haul density, kg km
-2
) for cod, whiting and 
12 non-target species in the UK Celtic Sea West Coast Groundfish Survey (WCGFS).  
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